Arthur's Pass Mw6.7 earthquake in South Island, New Zealand. Here we relocate over 3500 of the aftershocks using double-difference tomography to map detailed fault structures, and obtain a 3-D model of P-wave velocity and V p/V s ratio in the volume around the aftershock region. Waveform cross-correlation methods are used to calculate high quality differential times for event pairs. Two parallel clusters in particular are very well defined after the double-difference relocation, with an apparent dip of ∼70-80
Introduction
The boundary between the Pacific and Australian plates passes through South Island, New Zealand, changing in nature from oblique subduction in the north, the Hikurangi subduction zone, to oblique continent-continent collision, in central South Island. The nature of the transition between the subduction zone and the continent-continent collision is still enigmatic. In central South Island the Alpine Fault ( Fig. 1 ) appears to accommodate both strike slip and convergent motion [Sibson et al., 1979; Norris et al., 1990] . Deep seismic reflection data indicate a dip of [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] • to the southeast for the fault, while geological data suggest that the fault changes in nature at a depth of ∼25-30 km to a Copyright 2006 by the American Geophysical Union. 0094-8276/06/$5.00 sub-horizontal detachment within the Pacific plate [Wellman, 1979] .
In comparison, in northern South Island, geodetic data indicate that the relative motion between the Pacific and Australian plates is predominantly taken up by four principal NE-SW-trending strike-slip faults; the Alpine-Wairau, Awatere, Clarence, and Hope Faults (Fig.1 ). Geodetic slip rates reach up to 20-25 mm/yr on the Hope fault [Holt and Haines, 1995; Bourne et al., 1998 ], while the current slip rates appear to be lower on the northern faults.
The transition between these two regions, near the junction between the Alpine Fault and the Hope fault, is marked by a high level of diffuse seismicity [Leitner et al., 2001] as well as by a high level of maximum shear strain rate [Beavan and Haines, 2001] .
The 1994 June 18 Arthur's Pass Mw6.7 earthquake occurred just south of this junction (Fig 1) , about 25 km southeast of the Alpine Fault, and south of the Hope fault. Body wave modelling by Abercrombie et al. [2000] found the best fitting source mechanism involved primarily reverse faulting, with a NE-SW strike, and a centroid depth of ∼5 km. Such reverse faulting may help to account for the marginperpendicular component of plate convergence in this region Walcott, 1998 ].
Following the Arthur's Pass earthquake more than 6000 aftershocks were recorded by 16 portable (1 Hz) seismometers as well as by permanent New Zealand network (NZNSN) stations. Local magnitudes of the aftershocks ranged from ML1 to ML6.1. The aftershock distribution extended up to 30 km SSE of the mainshock location (Fig. 1) . Most aftershocks were subsequently located by Robinson and McGinty [2000] using a 3-D velocity model. They determined that the majority of aftershocks had strike-slip mechanisms, consistent with the regional stress field, and that most of the larger aftershocks (e.g. ML6.1, ML5.7) occurred more than 20 km to the south, also with strike slip focal mechanisms .
Here we relocate the Arthur's Pass aftershocks, to derive new information on the secondary faulting which took place following the mainshock. We apply the recently developed double-difference (DD) tomography method of Zhang and Thurber [2003] to relocate the aftershocks, making use of absolute and waveform-based differential time measurements. The high relative precision of the relocated aftershocks reveals details of the secondary fault structure. As a by-product we also obtain information about variation of the P-wave velocity (V p) and V p/V s ratio in the vicinity of the mainshock, aftershocks, and the Alpine Fault.
Event relocation
We use the DD tomography algorithm (tomoDD) of Zhang and Thurber [2003] for event relocation. The technique minimizes residuals between observed and calculated arrival-time differences for pairs of closely located earthquakes, while also minimizing the residuals of absolute arrival times. This approach builds on the DD location procedure of Waldhauser and Ellsworth [2000] , which utilises the differential times of catalog P and S phase times, as well as differential times derived from waveform cross-correlation. In addition to solving for the hypocentral parameters, the tomoDD algorithm solves for the 3-D velocity structure in the model region, requiring an additional smoothing parameter and damping parameter, as described by Zhang and Thurber [2003] .
Initial hypocenter locations for the inversion were those determined by Robinson and McGinty [2000] , although the total number of events was reduced to 3572 events for this study. Many of the excluded events occurred in the first few days following the mainshock; these earliest aftershocks were not well constrained due to the delay in deploying all of the portable seismometers.
Differential times were calculated for event pairs separated by less than 4 km, for all stations less than 140 km from the particular cluster centroid. Use of such a maximum distance criteria reduces the total number of required correlation calculations, but is justifiable, as the correlation between waveforms from different events typically decreases rapidly with increasing inter-event separation.
Cross-correlation and bispectrum (BS) [Du et al., 2004] methods were used to calculate the waveform-based differential times (WBDT) for all event-station pairs, after prefiltering, following the technique of Du et al. [2004] . These derived differential times were weighted based on the quality of the arrival time measurements. Catalog-based differential times (CTDT) were also calculated between closely spaced events from manually picked P-and S-phase times.
Absolute arrival times and the two types of differential times (CTDT and WBDT) were then combined and simultaneously inverted using tomoDD [Zhang and Thurber , 2003] in an iterative least-squares procedure which utilises the LSQR method [Paige and Saunders, 1982] . The full dataset was comprised of 30828 absolute P-times, 19413 absolute S phases, and 664427 differential times.
The P-wave velocities derived by Eberhart-Phillips and Bannister [2002] from earthquake and active-source data were used to form the initial velocity model for the traveltime calculations. We interpolated their velocities onto a finer grid (shown in Supplementary Figure 1 ) to encompass our aftershock zone. Our finer inversion grid has a minimum grid spacing of 7 km along the x-and y-axes, in the section of the inversion volume with the highest ray path coverage, and grid layers at 0,2,4,6,10, 16 and 30 km depth, fully encompassing the aftershock volume.
Following 30 iterations of the inversion procedure, the root mean square residual (rms) of the WBDT measurements decreased 92%, from 102 ms down to 8 ms, while CTDT residuals decreased by 61%, from 95 ms before relocation down to 37 ms. The mean change in epicenter and focal depth was ∼400m and ∼900 m respectively.
Relocated events are plotted in Fig.1 in map view, while Fig. 2 shows the relocated events projected onto a depth cross-section with a strike of N150E
• . A subset of 465 'bestquality' events were selected out of the full relocated aftershock data set on the basis of minimum station-epicenter distance (<5 km) and the maximum azimuthal gap between recording stations (< 120
• ). The distribution of this subset of 'best-quality' events highlights several event clusters, (a)-(d), which are clearly visible in Fig. 2 .
The maximum depths of the seismic activity in the aftershock distribution are very well defined. More than 98% of the relocated events occur above 10 km depth, sharply defining the depth to the brittle-ductile transition in this region. This depth limit is just a few kilometers shallower than estimates by Leitner et al. [2001] for the South Island as a whole, which they determined from earthquakes relocated using a 1-D inversion.
2.1. Velocity structure; V p and V p/V s
The local V p and V p/V s velocity structure was also derived as part of the tomographic inversion. Fig. 3 shows cross-sections of derived V p and V p/V s; slices through the 3-D V p and V p/V s volumes taken at a strike of N150E
• (Fig 1) . The velocity structure is very well resolved in the region of the aftershocks, although not in the footwall of the Alpine Fault (Fig. 3) due to the lack of recording seismometer stations on the north-west side of the Alpine Fault. We use the derivative weight sum (DWS) [Thurber , 1993] at each grid node as a measure of the raypath coverage, and in Fig. 3 do not plot velocity values where the DWS at a node is less than 20.
We find an average V p of 5.5-6.1 km/s in the vicinity of the aftershocks, which is fairly typical in the central South Island for this depth range [e.g. Van Avendonk et al., 2004; Eberhart-Phillips and Bannister , 2002] . Jurassic Torlesse graywacke is exposed on the surface above the aftershocks; petrophysical studies of South Island Torlesse graywacke show an average V p of just over 6.0 km/s [Okaya et al., 1995] . V p/V s is ∼1.7 at the same depth range in the aftershock vicinity, which is as measured for laboratory samples of South Island Torlesse graywacke [Christensen, 1999] .
Immediately above the aftershocks however V p is lower than expected, between 4.5 and 5.5 km/s, while V p/V s is elevated, between 1.8 and 1.9. Torlesse graywacke is exposed at the surface so a change in lithology with depth is not advocated. Such changes in V p and V p/V s could alternatively indicate higher than normal fluid pressure and/or increased crack density [Eberhart-Phillips and Bannister , 2002] . We note that the upper bound of the seismicity at ∼2 km depth appears to be directly correlated with the change in V p/V s and V p at that depth, suggesting a direct connection between the velocity difference and the seismic-aseismic transition.
The average V p decreases by ∼5% in the hanging wall (southeast) of the Alpine Fault (indicated by 'AF' in Fig. 3 ), down to ∼5.7 km/s, which extends down to ∼15 km depth. We note that the dip of the Alpine Fault in the Arthur's Pass region is unconstrained at 5-15 km depth, although a dip of ∼40
• has been inferred in active-seismic work ∼100 km to the south. Similar low V p velocities have been found in the Alpine Fault hanging wall 60-120 km to the south using 3-D seismic tomography [Eberhart-Phillips and Bannister , 2002] , where a broad 4% decrease in V p was found extending down to at least 14 km depth. In the same region Stern et al.
[2001] inferred a velocity reduction of 6-10% in the vicinity of the fault on the basis of travel time delays from wide angle reflections and teleseismic P waves. Eberhart-Phillips and Bannister [2002] suggested that the velocity reduction near the fault may result from a combination of increased crack density, high pore-pressure, increased temperature and active strain. However in our current study Fig. 3 shows that the V p/V s ratio is low (∼1.6) in the hanging wall of the Alpine Fault, contrary to what might be expected if high fluid pressures were present [Eberhart-Phillips et al., 1989] . This is consistent with the hypothesis that the high-grade schist near the fault has been depleted of fluid, as Wannamaker et al., 2002 inferred from magnetotelluric data ∼100 km to the south.
Discussion
The complex nature of the Arthur's Pass aftershocks has been discussed by Robinson and McGinty [2000] and Abercrombie et al. [2000, 2001] . Of note is the distributed nature of the aftershocks, with aftershocks occurring up to 30 km southeast of the mainshock epicenter. Robinson and McGinty [2000] examined the regional stress field in the region around the mainshock and aftershocks, and found a stress field favouring strike-slip faulting, not thrusting. They observed a fair correspondence between the aftershock distribution and regions of high induced Coulomb Failure Stress due to the mainshock, on optimally oriented fault planes.
The spatial distribution of the relocated aftershocks ( Fig. 1) shows several apparent lineations, which were also noted by Robinson and McGinty [2000] and Abercrombie et al. [2000] . Following our relocation analysis however the lineations now are more sharply defined. The cross-section showing the projections of our relocated aftershocks (Fig. 2) indicates that the majority of events are located between ∼2 and 10 km depth, and that there are distinct clusters in the 'best-quality' events, marked as (a),(b),(c) and (d) in Fig. 2. Cluster (a), at the northwest end of the aftershock sequence, lies very close to the projection of the centroid of the mainshock, as determined from combined body wave and empirical Green's function data [Abercrombie et al., 2000] (Fig. 2) . Their preferred solution for the mainshock involved reverse-faulting along a NW-dipping fault plane, with a centroid depth, strike, dip and rake of 5 km, 221
• , 47
• and 112
• respectively. The apparent position and NW dip of cluster (a) agrees closely with the preferred fault plane for the mainshock. We infer that the aftershocks in event cluster (a) are likely on the mainshock fault plane, and that the mainshock rupture extended from ∼2 km to ∼10 km depth.
Event clusters (b) and (c), 10-15 km SSE of cluster (a), are finely resolved (Figs. 2 and 3) , and have an apparent dip to the northwest of ∼70-80
• . The N150E
• strike used for the cross-section appears to be the optimum strike for projection of these two aftershock clusters; the width of these projected clusters broaden when the strike of the cross-section is varied by ±10
• . We infer that the events in the aftershock clusters (b) and (c) in Fig. 2 represent oblique-slip faulting on two secondary faults, dipping 70-80
• to the NW, with a strike of ∼N60E
• . One of the larger aftershocks (ML4.1) in lineation (b) was examined using two-dimensional slip inversion by Abercrombie et al. [2001] ; they found the preferred fault plane had a NE-SW strike, parallel to the lineation. Cluster (d), further to the southeast, appears to have a strike of ∼N70-80E
• and has an apparent dip of ∼70-80
• to the south-east rather than north-west. The largest aftershock, ML5.1, occurred in the vicinity of cluster (d), with a dextral strike-slip mechanism involving a strike and dip of 253
• and 87
• respectively [Abercrombie et al., 2001] .
Plate convergence in this region is quite oblique, at ∼19
• [Cande and Stock , 2004] . Geological data suggest that perhaps up to 25% ±15% of the strike-parallel plate motion is accommodated on structures other than the Alpine Fault [Norris and Cooper , 2000] . This varies along the strike of the Alpine Fault, depending on changes in the crustal composition on either side of the fault, on the strike of pre-existing faults, and on the spatially changing rate of crustal exhumation and erosion [Norris and Cooper , 2000] . Southwest of the Arthur's Pass region for example it is thought that the Alpine Fault accommodates a high proportion of the interplate slip; the overall displacement of the Alpine Fault is clearly transpressional, with components of both strike-slip and dip-slip [Norris and Cooper , 2000] . By comparison, in the Arthur's Pass region, although the dextral slip parallel to the margin is thought to primarily occur on the Alpine Fault and the dextral strike-slip Hope Fault (Fig. 1) , the secondary faults highlighted here (e.g. clusters (b) and (c) of Fig. 2 ) and by previous work likely reflect additional, secondary, structures accommodating some of the strike-parallel slip.
Conclusions
We have highlighted the dip and strike of several secondary faults in the Arthur's Pass region by relocating aftershocks of the 1994 Arthur's Pass Mw6.7 earthquake. Two clusters (b and c) in particular are very well defined after double-difference relocation, with an apparent dip of ∼70-80
• and ∼N60E ±10
• strike. These secondary faults may help accommodate some part of the dextral slip parallel to the Alpine Fault, while the mainshock accounts for some of the perpendicular component of slip, as suggested by .
Results from the double-difference tomography indicate P-wave velocities of 5.5-6.1 km/s in the aftershock region, together with a V p/V s of ∼1.7, consistent with values expected for graywacke at 3-10 km depth. However, V p and V p/V s change markedly immediately above the upper bound of the seismicity, with V p of 4.5-5.5 km/s and elevated V p/V s found in the top 2 km. This suggests a causal relationship between the upper depth limit of seismogenesis and the near-surface zone of low V p and high V p/V s, while the brittle-ductile transition defined by the lower limit of seismicity is also well defined, at 10 ±0.5 km.
Close to the Alpine Fault the average P-wave velocity decreases by ∼5% in the hanging wall of the Alpine Fault, down to ∼15 km depth. We also find low V p/V s values close to the fault, which implies that material near the fault may already be de-watered, as also inferred from magnetotelluric data 100 km down strike along the Alpine Fault. 
